Aims/hypothesis Septins are newly identified members of the cytoskeleton that have been proposed as biomarkers of a number of diseases. However, septins have not been characterised in adipose tissue and their relationship with obesity and insulin resistance remains unknown. Herein, we characterised a member of this family, septin 11 (SEPT11), in human adipose tissue and analysed its potential involvement in the regulation of adipocyte metabolism. Methods Gene and protein expression levels of SEPT11 were analysed in human adipose tissue. SEPT11 distribution was evaluated by immunocytochemistry, electron microscopy and subcellular fractionation techniques. Glutathione S-transferase (GST) pull-down, immunoprecipitation and yeast two-hybrid screening were used to identify the SEPT11 interactome. Gene silencing was used to assess the role of SEPT11 in the regulation of insulin signalling and lipid metabolism in adipocytes.
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Introduction
Adipose tissue growth in obesity involves both hypertrophy and hyperplasia of fat cells [1, 2] . Cytoskeleton remodelling constitutes a prerequisite step for both adipogenesis and adipocyte hypertrophy, increasing the adipocyte lipid storage capability and preventing systemic lipid overload [3] [4] [5] , which is a major cause of insulin resistance (IR).
The cytoskeletal components actin, tubulin and vimentin undergo important expression and distribution rearrangements during adipogenesis and adipocyte hypertrophy [3, 4, 6, 7] . Vimentin forms cage-like structures around adipocyte lipid droplets (LDs) and regulates their accumulation during adipogenesis [3, 7] . Actin forms cytoplasmic filament bundles and short cortical filaments in pre-adipocytes and mature adipocytes, respectively [3, 4] . A similar reorganisation has been demonstrated for the microtubule network during adipogenesis [3] . A role for actin and tubulin in insulin-induced glucose uptake and lipogenesis in adipocytes has been reported [8, 9] . Cortical actin also participates in the maintenance and function of caveolae [10] , which are platforms for both insulin signalling and lipid traffic [11, 12] .
The existence of a fourth component of the cytoskeleton, septins, has been recently proposed [13] . These GTP-binding proteins assemble into filaments and rings and interact with actin and tubulin, profoundly affecting cytoskeletal dynamics, as well as with membrane phospholipids [13] . Septins act as scaffolds for recruiting proteins and as membrane diffusion barriers for subcellular compartmentalisation [13, 14] . Some septins have been localised to lipid rafts and proposed to regulate membrane dynamics, including endocytosis and exocytosis [15, 16] .
To date, 13 septin genes have been identified [13] . However, the functional relevance of septins has not yet been described in adipocytes. The present study was focused on septin 11 (SEPT11), which we recently identified in a proteomic screening of human adipose tissue [17] . Specifically, we sought to: (1) characterise the expression and regulation of SEPT11 in human adipose tissue in relation to obesity and obesity-associated IR and type 2 diabetes; and (2) determine the distribution of SEPT11 and its functional interaction with the main component of caveolae in adipocytes, caveolin-1 (CAV1) [10] , and intracellular lipid chaperones.
Methods
Patient selection and study design Paired omental and subcutaneous adipose tissue samples from patients undergoing laparoscopic Roux-en-Y gastric bypass (n = 54) or Nissen funduplication (n = 10) at the Clínica Universidad de Navarra (Spain) were obtained. Medical history, physical examination, body composition analysis and comorbidity evaluations were assessed for all patients (see clinical characteristics in Table 1 ). Obesity was classified according to both BMI (≥30 kg/m 2 ) and percentage body fat (%BF; Bod-Pod; Life Measurements, Concord, CA, USA). Obese patients were sub-classified into two groups (normoglycaemia [NG] or impaired glucose tolerance [IGT]/type 2 diabetes] [18] . Obese patients were not using insulin therapy or medication likely to influence endogenous insulin levels and other metabolic variables. Biochemical and hormonal assays were carried out as described [19] . Insulin resistance was calculated using the homeostasis model assessment (HOMA) formula [20] , The experimental design was approved by the Hospital's Ethical Committee responsible for research (073/2013) and informed consent was obtained from all volunteers.
RNA extraction and real-time PCR RNA isolation and purification from fat samples were performed as described [19] . Transcript levels of SEPT2, SEPT9, SEPT11, CAV1 and FABP5 were quantified by real-time PCR (see electronic supplementary material [ESM] , and ESM Table 1) .
Immunoblotting Tissue and cell samples were processed for immunoblotting as described previously [21] . Blots were incubated overnight at 4°C with primary antibodies (see ESM  Table 2 ) and immunoreactive bands were visualised using the ECL Plus detection system (see ESM for further details).
Immunohistochemistry SEPT11 immunodetection in human adipose tissue sections was performed using the immunoperoxidase method [19] . Briefly, sections of formalinfixed paraffin-embedded adipose tissue (6 μm) were incubated with rabbit polyclonal anti-SEPT11 antibody (Abcam, Cambridge, UK) and then with Dako Real EnVision horseradish peroxidase (HRP)-conjugated anti-rabbit/mouse (Dako, Glostrup, Denmark). The chromogen was 3,3′-diaminobenzidine and Harris haematoxylin solution was used as counterstaining. See ESM for further details.
Cell culture Human stromal vascular fraction cells (SVFC) isolated from adipose tissue were differentiated into adipocytes [19] and then exposed to increasing concentrations of insulin, acylated/desacyl-ghrelin, leptin, isoprenaline (known as isoproterenol in the USA), atrial natriuretic peptide (ANP), TNF-α, lipopolysaccharide (LPS) and TGF-β for 24 h, or with oleate complexed to BSA (2:1) for 18 h. 3T3-L1 cells were differentiated as described [21, 22] and exposed to oleate for 18 h (see ESM for further details).
Confocal immunofluorescence microscopy Freshly isolated mature adipocytes, in vitro differentiated human adipocytes and 3T3-L1 cells grown on glass coverslips were fixed in 4% paraformaldehyde as described earlier [21, 22] . Cells were immunostained using anti-SEPT11 (1:100) (gift from M. Kinoshita, Nagoya University, Japan) and/or anti-CAV1 (1:250) (Novus Biologicals, Littleton, CO, USA) antibodies, and examined by confocal microscopy (see ESM for further details).
Immunoelectron microscopy Ultrathin sections of 3T3-L1 adipocytes were incubated with anti-SEPT11 and 10 nm gold conjugated anti-rabbit IgG, and visualised using a JEOL JEM-2010 electron microscope (IZASA Scientific, Madrid, Spain) [23] .
Subcellular fractionation Cytosolic and crude membrane fractions were isolated from 3T3-L1 adipocytes as previously described [24] . Caveolae-enriched membrane fractions were isolated from 3T3-L1 cells grown to confluency and processed using a detergent-free cell membrane fractionation method (see ESM for further details) [24] . Protein distribution was analysed by immunoblotting using 50 μg of protein from each fraction (see antibodies in ESM Table 2 ).
Plasmid expression vectors SEPT11 was cloned in DsRed-, pGEX-4T-3-, Myc-and phrGFP-N1 expression vectors. Plasmids coding for septin 2 (SEPT2; phrGFPN1-SEPT2), septin 9 (SEPT9; pEGFPC1-SEPT9), fatty acid binding G l u t a t h i o n e S -t r a n s f e r a s e p u l l -d o w n a n d co-immunoprecipitation assays The glutathione S-transferase (GST) protocol was performed using GST-tagged SEPT11 and phrGFPN1-SEPT2, pEGFPC1-SEPT9, pEGFPC1-FABP5 or C F P -C AV 1 . A s t a
n d a r d p r o t o c o l w a s u s e d f o r co-immunoprecipitation of SEPT11 and CAV1 in HEK-293 AD cells transfected with Myc-SEPT11 and CFP-CAV1 (see ESM for further details).
Electroporation of 3T3-L1 adipocytes Differentiated 3T3-L1 adipocytes were transfected by electroporation with mock vectors, phrGFPN1-SEPT2, pEGFPC1-SEPT9 or DsRed-SEPT11, alone or in combination, and cultured for 48 h [22] . 3T3-L1 adipocytes transiently expressing pEGFPC1-FABP5 were incubated with 500 μmol/l oleate:BSA (2:1) (18 h) and then double-immunolabelled with anti-CAV1 and anti-SEPT11 antibodies. For silencing studies, SEPT11-targeted double-stranded small interfering (si)RNA oligonucleotide and a specific scramble negative control siRNA (Qiagen, Barcelona, Spain) were employed for electroporation. Insulin signalling (pAkt/Akt, p-extracellular signal regulated kinase (ERK)/ ERK, pIRS/IRS) was examined in Sept11-silenced 3T3-L1 cells challenged with insulin (100 nmol/l, 5 min) by immunoblotting. Intracellular triacylglycerols and glycerol in culture media were quantified in Sept11-silenced and mocktransfected 3T3-L1 cells exposed to insulin (100 nmol/l) or insulin plus oleate (500 μmol/l), as previously described [22] (see ESM for further details).
Statistical analysis Data are expressed as mean ± SEM. Statistical differences were determined using the χ 2 test, two-way or one-way ANOVA followed by Scheffé's or Dunnett's test, or Kruskal-Wallis test followed by MannWhitney U pairwise comparisons. Values were considered significant at p < 0.05. Pearson's correlation coefficients (r) were computed to explore the relation between two variables.
Results
Characterisation of SEPT11 in human adipose tissue SEPT11 was expressed in omental and subcutaneous fat, with the former depot exhibiting higher overall transcript levels (1.0 ± 0.0 vs 5.7 ± 1.3 AU, p < 0.0001). Omental and subcutaneous adipose tissue from obese patients showed higher SEPT11 mRNA and protein than lean individuals ( The SEPT11 immunosignal mostly localised to mature adipocytes and, to a lesser extent, SVFC in omental and subcutaneous fat (Fig. 1e, f) . Similar results were observed for SEPT11 mRNA in adipocytes and SVFC from omental adipose tissue of obese patients (Fig. 1g) . Insulin-sensitive and insulin-resistant obese patients exhibited similar SEPT11 mRNA levels in either adipocytes or SVFC from omental fat (Fig. 1h) . The transcript levels of the pre-adipocyte marker, PREF1 (also known as DLK1), and the macrophage marker, CD68, were analysed to determine the contribution of these cell types to the overall expression in SVFC of adipose tissue (ESM Fig. 1 ). Lower PREF1 mRNA expression as well as higher CD68 transcript levels were observed in omental SVFC from obese IGT/type 2 diabetic vs obese NG individuals, although the differences did not reach statistical significance (p = 0.144 and p = 0.459, respectively). No correlation was found between SEPT11 transcripts and PREF1 (r = 0.08, p = 0.865) or CD68 (r = 0.30, p = 0.326), suggesting that other cell types may contribute to SEPT11 gene expression in SVFC. Indeed, SEPT11 is reportedly expressed by other stromal vascular fraction components (fibroblasts, neutrophils) [25, 26] .
Regulation of SEPT11 in human omental adipocytes We evaluated the effect of lipogenic (insulin, ghrelin), lipolytic (leptin, isoprenaline, ANP) and proinflammatory factors (TNF-α, LPS, TGF-β) on SEPT11 in human omental adipocytes. Insulin significantly increased SEPT11 mRNA and protein, while acylated ghrelin downregulated SEPT11 mRNA and desacyl-ghrelin had no effect (Fig. 2a, b) . Isoprenaline and ANP downregulated SEPT11 mRNA and protein, although statistical differences were only reached for isoprenaline (Fig. 2c, d ). TNF-α and LPS downregulated SEPT11 mRNA and protein, while leptin and TGF-β had no effect ( Fig. 2d-f ).
SEPT11 distribution in adipocytes and interaction with other septins Immunocytochemistry confocal microscopy studies revealed that SEPT11 associated with cytosolic filamentous structures reminiscent of actin stress fibres in undifferentiated (3 days) 3T3-L1 cells, while it associated with cell surface ring-like structures in differentiated 3T3-L1 adipocytes (Fig. 3a) . Similar results were observed in human adipocytes (ESM Fig. 2a ). Given that septin filaments and rings are composed of heteroligomeric septin complexes, we examined the relationship between SEPT11 and other septins known to interact with SEPT11, SEPT9 and SEPT2 [25, 27] . Contrary to endogenous SEPT11, green fluorescent protein (GFP)-SEPT11 formed short fibres when transfected alone in 3T3-L1 adipocytes (ESM Fig. 3b) . However, when co-expressed, GFP-SEPT11 and GFP-SEPT2 formed short fibres and rings, while GFP-SEPT11 and GFP-SEPT9 assembled into long filaments (Fig. 3c ). SEPT11 association with SEPT2 and SEPT9 was confirmed by GST pull-down (Fig. 3d) .
SEPT2 was expressed in omental and subcutaneous fat, with the three groups of patients showing similar SEPT2 transcript levels in these depots (Fig. 3e, f) . SEPT2 mRNA in omental fat positively associated with insulinaemia (r = 0.34, p = 0.027), while in subcutaneous fat a positive correlation with SEPT11 (r = 0.39, p = 0.005) and SEPT9 (r = 0.61, p < 0.0001) transcripts was found, yet only the latter remained after adjustment for %BF (r = 0.42, p = 0.005). SEPT9 mRNA in omental fat was increased in obese IGT/type 2 diabetic patients compared with lean and obese NG participants, while SEPT9 mRNA in subcutaneous fat decreased in both obese groups (Fig. 3e, f) . SEPT9 transcripts positively correlated with SEPT11 expression (r = 0.50, p = 0.005) in omental fat and with plasma glucose with 2 h OGTT (r = 0.47, p = 0.004), before adjustment for %BF. Localisation of SEPT11 to adipocyte caveolae SEPT11-immunoreactive rings at the adipocyte surface (Fig. 3a) resembled the ring-like shape of caveolae clusters reported in adipocytes [28] . Indeed, SEPT11 and CAV1 immunosignals significantly overlapped in cortical rings in freshly isolated human mature adipocytes (Fig. 4a) and 3T3-L1 adipocytes (ESM Fig. 3a) . Immunoelectron microscopy of 3T3-L1 adipocytes showed SEPT11 immunolabelling associated with plasma membrane invaginations resembling caveolae (Fig. 4b) . Subcellular fractionation of 3T3-L1 adipocytes revealed that SEPT11 mostly associated with cellular membranes (Fig. 4c) . Analysis of isolated caveolae-enriched membrane [24] showed that SEPT11 immunoreactivity was essentially associated with non-buoyant fractions (Fig. 4d) . This indicated that SEPT11 interacts with caveolae as a peripheral protein, which was further demonstrated by immunoblotting of membrane fractions from 3T3-L1 adipocytes treated with compounds known to differentially extract peripheral and integral membrane proteins (ESM Fig. 3b) .
GST-SEPT11 pull-down (Fig. 4e ) and immunoprecipitation assays (ESM Fig. 3c ) confirmed the association of SEPT11 with CAV1. CAV1 interaction with septins was also investigated in human adipose tissue (Fig. 4f) . CAV1 mRNA expression in omental fat was increased in obese compared with lean individuals, though no differences were found between NG and IGT/type 2 diabetic obese participants. A tendency towards an increase in CAV1 mRNA in obese subcutaneous fat was observed (p = 0.290). CAV1 mRNA expression positively correlated with SEPT11 (r = 0.39, p = 0.006) and SEPT9 (r = 0.48, p < 0.0001) transcripts in omental fat ( Fig. 4g; ESM Fig. 4c ) and with SEPT11 (r = 0.41, p = 0.001), SEPT2 (r = 0.48, p < 0.0001) and SEPT9 
SEPT11 binds to FABP5 and regulates adipocyte lipid metabolism
To elucidate SEPT11 function, we examined its interactome by yeast two-hybrid screening of a rat adipose tissue cDNA library using SEPT11 as bait. This enabled the identification of 15 putative SEPT11 interactors (ESM Table 3 ). Five positive clones encoded the fatty acid (FA) chaperone FABP5, and SEPT11 interaction was confirmed by GST pull-down (Fig. 5a ). Quantitative RT-PCR revealed lower FABP5 transcript levels in omental fat of obese patients compared with lean individuals (Fig. 5b) .
To further examine the interaction between FABP5 and SEPT11, we investigated FABP5 distribution in adipocytes. When expressed in 3T3-L1 adipocytes, GFP-FABP5 mostly distributed diffusely in the cytosol, though some labelling concentrated beneath the plasma membrane (Fig. 5c) . Exposure of cells to oleate promoted FABP5 association with LDs and nuclei. CAV1 and SEPT11 also associated with LDs in oleate-stimulated 3T3-L1 (Fig. 5c ) and human (ESM Fig. 5) adipocytes. Triple-labelling experiments showed that while GFP-FABP5 occasionally co-localised with CAV1 and SEPT11 in non-stimulated 3T3-L1 cells, the three fluorescent labels overlapped around LDs in oleate-treated adipocytes (Fig. 5c) . Oleate increased SEPT11 content by 4.1-fold without modifying CAV1 and FABP5 levels in adipocytes (Fig. 5d) .
Next, the potential role of SEPT11 in the regulation of known caveolae-associated functions in adipocytes, namely insulin signalling and lipid regulation, was determined in 3T3-L1 cells treated with Sept11 siRNA, which reduced by 71.1% SEPT11 protein content compared with scrambled siRNA-treated cells (Fig. 5e ), without compromising cell viability (ESM Fig. 6a ). SEPT11 silencing also reduced CAV1 and FABP5 content (Fig. 5e) , but not that of other adipocyte markers (ESM Fig. 6b) . Regarding insulin signalling, Sept11-silenced adipocytes showed significant reductions in total IRS and pAkt/Akt ratio as well as a trend towards decreased pIRS/IRS ratio (Fig. 5f) . No effect on ERK content or activity was observed. SEPT11 depletion tended to decrease basal and insulin-induced lipogenesis (Fig. 5g) . Notably, insulinstimulated intracellular triacylglycerol accumulation in the presence of oleate was reduced by 31% in Sept11-silenced (Fig. 5g) . SEPT11 silencing also diminished the lipolytic rate of 3T3-L1 adipocytes under all the experimental conditions tested (ESM Fig. 7 ).
Discussion
Our group recently reported the expression of SEPT11 in human adipose tissue [17] . Herein, we demonstrate that SEPT11 is expressed primarily in adipocytes of human adipose tissue. Moreover, a higher expression of SEPT11 was found in subcutaneous fat compared with omental fat. It is well known that visceral fat shows higher inflammation and sensitivity to catecholamines, while subcutaneous fat exhibits higher insulin sensitivity [29] . We show that SEPT11 was negatively regulated by isoprenaline, TNF-α and LPS, while positively regulated by insulin. Accordingly, SEPT11 expression was positively related to markers of adiposity in omental fat and with variables of IR in subcutaneous fat. Altogether, fat depot differences in SEPT11 expression appear to be associated with higher IR, lipolysis and inflammation in omental adipose tissue.
Obesity was associated with higher SEPT11 levels in omental and subcutaneous fat, which might be accounted for by increased SEPT11 in mature adipocytes as well as in inflammatory cells of the SVFC, as suggested by our observations and previous studies showing the presence of this protein in macrophage and neutrophil cell lines [25, 26] . Notably, no differences were found between normoglycaemic and insulinresistant obese individuals, suggesting that the regulation of SEPT11 may be related to adipocyte size rather than to IR. In line with this, SEPT11 protein levels in 3T3-L1 and human adipocytes increased after exposure to the lipogenic factors, oleate and insulin. Moreover, adipogenesis was associated in both cell types with an extensive reorganisation of SEPT11, i.e. from long linear bundles resembling actin stress fibres to submembranous structures. The actin cytoskeleton undergoes similar rearrangements during adipogenesis [5] , supporting a functional interaction between SEPT11 and actin in adipocytes similar to that reported for several septins in other cell types [25, [30] [31] [32] .
All septins interact with each other to form heteroligomeric complexes, with changes in septin-septin interaction causing changes in structural conformation and function of the complex [27, 33, 34] . Specifically, previous studies have described the association of SEPT11 with SEPT2 or SEPT9 [27, 34] . Herein, the expression of SEPT2 and SEPT9 in human fat and their direct interaction with SEPT11 was demonstrated. Notably, SEPT11 formed short filaments when expressed alone in adipocytes, while it assembled into rings or long filaments when co-expressed with SEPT2 or SEPT9, respectively. These findings suggest that the filament and ring-like assemblies observed for SEPT11 may be composed of complexes of this protein with SEPT2 and/or SEPT9. In contrast to what was seen with SEPT11, obesity was associated with increased expression of SEPT9 in omental fat and low SEPT9 mRNA levels in subcutaneous fat, without changes in SEPT2 in either depot, suggesting a distinct adaptation of these septins to adipocyte hypertrophy and IR. Changes in the stoichiometry of septin complexes have been associated with several diseases [35] . It seems plausible that the dissimilar changes in SEPT2, SEPT9 and SEPT11 transcription in the obese state alter normal SEPT11-containing polymer structures and functions. Cortical SEPT11-immunoreactive rings were observed in 3T3-L1 adipocytes and in freshly isolated and in vitro differentiated human adipocytes, indicating that this oligomeric complex is the main functional unit in mature fat cells. Confocal microscopy studies revealed a significant overlap of SEPT11 and CAV1 immunosignals at the cell surface which, together with the morphological resemblance of SEPT11 rings to caveolae clusters in adipocytes [28] and our immunoelectron microscopy data, demonstrate that this protein associates with adipocyte caveolae. Further support for this proposal has been provided by our biochemical studies showing that SEPT11 physically interacts with CAV1. Interestingly, a positive correlation of CAV1 with SEPT11 expression was observed in human adipose tissue. In all, our studies suggest a role for SEPT11 in the regulation of caveolae function, which we further explored through siRNA-induced SEPT11 silencing. Interestingly, SEPT11 silencing in 3T3-L1 adipocytes, besides decreasing CAV1 content, significantly diminished insulinstimulated Akt phosphorylation, indicating impaired insulin signalling under conditions of diminished SEPT11 expression (Fig. 6) . Accordingly, pAkt levels are greatly reduced in Cav1-null mouse adipose tissue compared with wildtype controls [36] . SEPT11 seems to differentially modulate specific insulin-mediated kinase pathways as the loss of this protein did not apparently affect insulin-stimulated ERK signalling. Nevertheless, we cannot exclude the possibility that the residual SEPT11 and/or partial septin complexes lacking SEPT11 are sufficient to support normal ERK signalling.
Several mechanistic reports indicate a role for septins as diffusion barriers that help to compartmentalise cellular membranes into separate domains [13, 33, 34] . In this vein, SEPT11 association with caveolae could help maintain the compartmentalisation and function of these microdomains in the regulation of signalling cascades [11, 37] . Septins have also been shown to serve as subcellular scaffolds for protein recruitment [13] . Notably, we identified FABP5 as a SEPT11 partner by a yeast two-hybrid assay. FABP5, together with fatty acid binding protein 4 (FABP4), are the main FA-binding proteins in adipose tissue [38] . FA-binding proteins have been proposed to mediate FA uptake and to facilitate lipid transport to LDs [38] [39] [40] . Accordingly, we observed that GFP-FABP5 mainly exhibited a diffuse cytoplasmic distribution in non-stimulated adipocytes, although it accumulated more densely beneath the plasma membrane. Exposure of cells to oleate, which binds with high affinity to FABP5 [41] , induced the association of FABP5 and SEPT11 with the LD surface. In agreement with previous reports [11] , we observed a similar traffic route for CAV1 in response to FA loading. Moreover, triple-labelling microscopy studies showed that SEPT11 co-localised with CAV1 and GFP-FABP5 to LDs in oleate-treated cells. Taken together, these results indicate that the CAV1/SEPT11 interaction extends from caveolae to LDs, wherein SEPT11 presumably also associates with FABP5. It has been proposed that caveolins at caveolae serve to modulate transmembrane FA movement [42] , whereas the LD caveolin pool might play a role in LD expandability [37, 43] . Specifically, oleate-loaded fibroblasts from Cav1-null mice stored fewer and smaller LDs than control cells, suggesting that CAV1 facilitates LD accumulation [37] . Interestingly, SEPT11 knockdown led to a decrease in insulin-induced lipid accumulation, which is consistent with our observations of Lipid droplet Oleate P P P P P Fig. 6 Proposed working model for the role of SEPT11 in insulin signalling and lipid traffic in the caveolae. SEPT11 constitutes a cytoskeletal protein that forms heterocomplexes with SEPT2 and SEPT9 and is transcriptionally regulated by insulin. SEPT11 locates to the caveolae of adipocytes and, on lipid loading, associates with CAV1 and FABP5 at the surface of LDs contributing to lipid traffic. PI3K, phosphoinositide 3-kinase decreased activation of insulin signalling (i.e. Akt phosphorylation) in silenced 3T3-L1 cells. Our findings showing that the negative impact of SEPT11 downregulation on lipid accumulation was more dramatic in cells challenged with oleate, taken together with oleate-induced effects on SEPT11 intracellular distribution, suggest a link between SEPT11 and caveolae-to-LD transport of FA (Fig. 6) . Once at the LD, SEPT11 may provide a platform to facilitate the compartmentalisation of CAV1 and/or FABP5. Interestingly, CAV1 has been also shown to modulate lipolysis by coupling protein kinase A activity to perilipin phosphorylation [37] , and FABPs bind to and activate hormone sensitive lipase on treatment with oleate [44] . In accordance with these findings, we observed that oleate-induced lipolysis, an effect that has been previously reported in cells exposed to this FA [45] , was reduced in Sept11-silenced adipocytes. In all, our data suggest a functional interaction between SEPT11, CAV1 and/or FABP5, which might be altered in obesity inasmuch as these three proteins followed different expression trends in the obese adipose tissue. Particularly, given our in vitro results, the increase in SEPT11 expression observed in subcutaneous and omental fat of obese individuals could represent an adaptive mechanism to facilitate insulin-mediated lipid storage in obese adipocytes, which seems nevertheless inefficient to improve the response of these cells to enhanced plasma insulin levels.
In summary, our data identify SEPT11 as a novel cytoskeletal component in adipocytes, wherein SEPT11 assembles into either filaments or rings depending on the stage of adipocyte differentiation and its selective interaction with other septins. Moreover, SEPT11 associates with CAV1 in adipocyte caveolae and, together with CAV1 and FABP5, binds to the LD surface on FA loading (Fig. 6) . These results, together with our functional and expression studies, support a regulatory role of SEPT11 in lipid traffic and metabolism. Notably, this protein is increased in human obesity and related to adipocyte size in omental fat and to IR markers in subcutaneous fat. Taken together, these results broaden our understanding of the remodelling of the cytoskeleton in obesity development and IR and open new avenues for research on the control of lipid storage and metabolism in adipocytes.
